Abstract4ecently published methods reconstruct the complex exit wave of the specimen in a transmission electron microscope by combining a number of images recorded at different defocus values. An expression is derived for the variance of the reconstructed wave as a function of the experimental parameters that can be freely chosen. It is shown how these parameters can be used for experimental design, that is, for minimizing the variance of the reconstructed wave.
I. INTRODUCTION TRANSMISSION electron microscope (TEM) is an im-
A portant instrument for investigating specimens up to the atomic level. Problems connected with linking the images to the specimen structure are the linear distortion of the electron exit wave of the specimen by the microscope and the loss of the phase angle information in the recording process. Several authors have proposed a method of exit wave reconstruction by means of a defocus series to overcome the above problems [4], [9] , [13] . Practical results have already been demonstrated in [I] , P I , [51, 191. The nonlinear imaging model for a TEM may be linearized for a wide range of specimens. This linearization is also used in this paper. Because the pixel intensities of the recorded image are Poisson variates, the reconstruction problem has to be viewed as a statistical estimation problem. It is investigated how the free parameters in the design of the experiments [3] should be chosen in order to optimize the estimates of the exit wave under the constraint of a limited electron dose.
IMAGE RECONSTRUCTION
Image formation for a TEM is described in terms of the complex electron exit wave q,,(F'), which contains the information about the specimen, and the complex, defocus dependent microscope impulse response function h (?, z) . The r' = (z, TJ) plane is perpendicular to the optical axis z of the microscope. In quasi-coherent and linear approximation, the image intensity is described by [8]: Manuscript received May 18, 1993; revised November 17, 1993 I($, .
Here $ = (gz,g,) is the two-dimensional spatial frequency, and S(3) and is a Dirac pulse. The spectra Qre($) and Qim(LJ are the Fourier transform of the real and imaginary part of (peX(3, respectively. From now on, the term exit wave spectrum refers to this pair of spectra. They are usually associated with the spectrum of an amplitude and phase specimen, respectively. The microscope transfer function H (G, z ) is defined by 1141: 
ANALYSIS OF ERROR SOURCES
Inherent to the process of counting electrons, the recording of TEM images introduces Poisson noise. In a modem Charged Coupled Device (CCD) based camera, the Poisson noise is the dominant nonsystematical error source [ 11. Other, systematical error sources, are: nonlinear imaging terms [5] , inelastic scattering [ 101 and inaccuracies in measured defocus position and spherical aberration. Neglecting the latter, it is the Poisson noise that corrupts the measurements. When the number of electrons counted is large compared with the square root of this number, the Poisson distribution may be replaced by a normal one [6] . Then the measured intensities at pixel position ( k , l ) are described by
l,z,) are uncorrelated, zero mean, normally distributed errors with variance a:(k, 1, z,) = I ( k , E, 2, ) . If the contrast in the images is low, which applies to a wide range of specimens, the variance at all pixels and per image may be approximated by the averaged intensity over all pixels, a:(z,) = Io(z,).
Iv. PRECISION OF THE RECONSTRUCTION
Because the recorded images are not free of noise, only an estimate of the exit wave spectrum is obtained, and the estimator determines the precision (standard deviation) of the estimates. Reconstruction is performed by a two-step estimation procedure: 1) Estimate the image spectrum at each defocus with a two-dimensional Discrete Fourier Transform (DFT). 2) Estimate the exit wave spectrum from the image spectra at different defoci. Consider the first step. Suppose that the specimen has a periodical structure and that the processed images consist of an integer number of periods. Then the spectrum is the complex Fourier coefficient spectrum of the periodical image, and the DFT is equivalent to the ordinary least squares (OLS) estimator [12]. As stated before, the errors in each pixel are uncorrelated and normally distributed with the same variance. Then thc OLS and, therefore, the DFT' estimator have minimum variance among all estimators [ll] . Also the points of the estimated spectrum are unbiased, noncovariant, normally distributed and have a common variance 10(zn)/L2, with L the number of pixels in the 2 and y direction [7] .
In the second step, the exit wave spectrum is estimated from the estimated image spectra. Now the set of equations to be solved includes the errors e($, zn):
Since the e(@, z,) are normally distributed and uncorrelated, but have a different variance for different n, the most precise estimator for are($) and @im(s'> is the weighted least squares estimator with the reciprocals of the variances of the E($, z,) as weights [7] . The solution to (6) for the exit wave spectrum for the frequency ?j is 6 = ( G H v -~G ) -~G H v -~~.
(7)
Here 6 js the 2 x 1 vector of the estimated exit wave spectrum, J the N x 1 vector of the estimated image spectra at the N different defoci, and V the N x N diagonal covariance matrix with the variances I0(z,)/L2 of the e($,z,) as its diagonal elements. The 2 x 2 covariance matrix of the estimated exit wave spectrum is equal to (GHV-'G)-l. The diagonal elements of this matrix, which are the variances a,", and afof@,,(i) and aim@), respectively, are -2 ore = 4~~~% 7 -( 9 3
and where These expressions show how the variances can be manipulated by selecting the free parameters. These are the number of images N, the defocus values z,, and the distribution of the allowable dose of electrons (sum of the average intensities Io(zn)) over the images.
V. DESIGN RECONSTRUCTION EXPERIMENTS
In the design of the experiments a distinction is made between instrumental parameters and free parameters. The instrumental parameters were set as follows. The gun was a field emission gun (FEG). The acceleration voltage was 300 kV. The spherical aberration was 1 mm. The objective Once the instrumental parameters are set, the free parameters as mentioned in Section IV are left. First, consider the electron dose; it is kept constant and is evenly distributed over all images. Uneven distribution has been shown to give suboptimal results and will therefore not be considered henceforth. In the first design, N = 2, the start defocus is 0.05 schemer (Sch) [8] (where 1 Sch corresponds to 44.2 nm for the above instrumental parameters), and the step size is equal to the maximum allowable value (as in Section 11). For a resolution up to 1 and the above TEM parame-REDUCED FREQUENCY (GLASER) Fig. 4 . Inverse normalized variance of the spectrum of the real part of the exit wave for 16 images, start defocus 0 Sch and different defocus steps. ters, the maximum defocus step may be shown to be 0.1 Sch [7] . In the Figs. 1 and 2 , the inverses of the variances of the estimated spectra of the real and imaginary part of the exit wave are plotted. The variance is normalized with respect to the total electron dose and the number of pixels, and the frequency coordinates are measured in glaser (GI) [8] (3 G1 corresponds to the above TEM parameters for a spatial resolution of 0.98 A). Next, the number of images is increased to N = 16, while the total dose is kept the same. Also the defocus steps are chosen differently, 0.1 Sch between the first 8 images and 0.3 Sch between the last 8 images. The mix Clearly, it is advantageous to distribute the total electron dose over a relatively large number of images. The spectra can be accurately estimated over a broader band of frequencies, despite the fact that the SNR per image is much lower. Also it is seen that the estimate of the spectrum of the imaginary part of the exit wave gives very high variances for low spatial frequencies, which is due to the nature of image formation for phase objects [SI. Lastly, the choice of start defocus is investigated. Start defocus is 8 Sch, N = 16, the first 8 defocus steps are 0.1 Sch, and the last 8 are 0.3 Sch. Figs. 5 and 6 show the results, illustrating the tradeoff in precision between the real and imaginary part much more clearly. Also, there is a strong, unwanted, oscillation in the precision as a function of 19' 1.
From the above calculations it is concluded that the choice of the free parameters greatly influences the precision of the estimates. The choice should be based on the type of specimen and the required passband characteristics.
VI. SIMULA~ON EXPERIMENTS
A number of simulation experiments have been done to verify the theoretical results above. In each of the experiments, which were all repeated 100 times, an image, based on the linear imaging theory ( l ) , of a flat power carbon film was simulated for different defoci, to which white noise was added. Fig. 7 shows the inverse of the estimated normalized variance of the spectrum of the imaginary part of the exit wave for reconstruction from N = 2, start defocus -0.05 Sch and defocus step 0.1 Sch. It corresponds to Fig. 1 and shows the agreement with the theoretically calculated variance.
Next, the configuration is optimized with respect to the width of the passband. The total electron dose is kept the same, but now evenly divided over 16 images, yielding an SNR per image which is 8 times lower than when two images are used. The defocus step between the first 8 images is 0.1 Sch and between the last 8 images is 0.3 Sch. The start defocus is 0 Sch.
Comparing Fig. 8 with Fig. 7 shows the obvious merits of a specific choice of the free parameters because the same amount of electrons yields a much better overall precision. Likewise, results have been obtained for the spectrum of the real part of the exit wave. It should be noted that the estimated exit wave is computed by inversely Fourier transforming the estimated spectrum. This still requires regularization for the low and high spatial frequencies.
VII. CONCLUSION
This research illustrates the importance of experimental design for practical physical experiments. Careful choice of the free parameters may improve the precision of the quantities to be measured substantially. For the problem of exit wave reconstruction from TEM images by means of a defocus series, an expression for the precision of the reconstructed spectrum is derived. The free experimental parameters have been identified, and guidelines have been obtained as to how to choose their optimum values.
